Temporal and spatial variations both play a major role in nutrient requirements and availability. This study was conducted to highlight variability in nutrient requirements across landscapes, soil types, and environments, and to evaluate if Oklahoma producers' current fertilization management schemes for nitrogen (N), phosphorus (P), potassium (K), and sulfur (S) are maximizing winter wheat (Triticum aestivum L.) grain yields. Nutrient-rich strips of N, P, K, and S and a farmer-practice strip were established in 2011-2012 and 2012-2013 at 42 and 40 locations in Oklahoma, respectively. Urea (46-0-0), triple super phosphate (0-46-0), potash (0-0-60), and gypsum (19% S) were used as sources of N, P 2 O 5 , K 2 O, and S, respectively. The N-, P-, K-, and S-rich strips were applied with an additional 105 lb N/acre, 105 lb P 2 O 5 /acre, 119 lb K 2 O/acre, and 43 lb S/acre, respectively, on top of the farmer's fertility practice. Surface (0-6 inches) and subsurface (6-12 inches) soil samples were collected prior to nutrient applications. Of the 82 nutrientrich strip locations established, 59 were harvested. Winter wheat grain yield was increased with the addition of N at seven locations, P at nine locations, and K at eight locations. No yield response to additional S fertilizer was observed at any location. A total of 19 locations, 32%, responded to the addition of N, P, or K, demonstrating that there is opportunity for Oklahoma wheat producers to increase yield through improved nutrient management.
T he steady growth in population and the continued global demand for grain crops have created higher production costs and increased demand for fertilizers, particularly imported fertilizers (Ruder and Bennion, 2013) . Farmers in the United States depend greatly on imported fertilizer because domestic production capacity is limited and insufficient to supply the demands. In 2012, the United States imported 11.83 million US tons of nitrogen (N), 0.54 million US tons of phosphate, and 6.37 million US tons of potash, amounting to nearly 13 billion dollars of fertilizer (ERS, 2016) . In Oklahoma, a total of 0.89 million US tons of commercial fertilizers was used by farmers in 2013 (ODAFF, 2015) .
Driven by farmer concerns on volatile fertilizer and crop prices, as well as the growing public belief that crop nutrients are in excess in the environment, interest to improve nutrient use efficiency is great. In a worldwide data review on nutrient use efficiency, N recovery efficiencies ranged from 45 to 65% for cereal crops from researcher-managed experimental plots, but for farmer-managed fields, recovery typically does not exceed 50% (Ladha et al., 2005) . Available literature indicates that average N recovery efficiency for farmers' managed fields ranges from 20 to 40% (Roberts, 2008) . Phosphorus (P) efficiency is also of concern, as it is one of the prime limiting factors for plant growth and the least mobile mineral nutrient (Goldstein, 1986; Srivastava and Singh, 2008; Joseph et al., 2015) . Recovery of applied fertilizer P ranges from <10% to as high as 30% and world P efficiency averages 16% (Dhillon et al., 2017) , but because fertilizer P is considered immobile in the soil and reacts with other soil minerals rather slowly, long-term recovery of P by subsequent crops can be much higher (Roberts, 2008) . For potassium (K), use efficiency by plants is generally considered higher than N and P because it is immobile in most soils and is not subject to gaseous losses like N or the fixation reactions that affect P. Efficiency of applied K can range from 20 to 80% (Roberts, 2008; Brar et al., 2011) .
Precision agriculture technologies offer producers ways to manage spatial variabilities in their fields to improve nutrient use efficiency (Mulla, 2016) . However, after several years, many growers find themselves challenged on how to apply the right rates at the right time and place. Although researchers continue to look for strategies to manage fields spatially, there is one proven way to make use of precision agriculture that growers can do: on-farm test strips. An on-farm test strip is essentially a strip-plot trial that is conducted on farmers' fields using their planting, harvest, and cultivation practices. This testing method collects information from enough local sites to amass meaningful data for a given region within a state that can be used to improve understanding of how current management practices, products, weather, and soil variability affect yield and profitability (ISA, 2017) . In theory the use of on-farm test strips should improve the reliability of fertilizer management decisions. It is on this basis that this study was conducted.
The objectives of this statewide, multifaceted project were to highlight variability in nutrient requirements across landscapes, soil types, and environments, and to evaluate if Oklahoma producers' current fertilization management schemes for N, P, K, and S are maximizing yields.
Field Experiment Description
This study was conducted in 2011-2012 and 2012-2013 at 42 and 40 on-farm locations in Oklahoma, respectively. Due to frost injury, weed infestations, or the wheat (Triticum aestivum L.) being grazed out by cattle, only 30 (2011-2012) and 29 (2012-2013) locations were harvested. The 59 location-year data are grouped into five regions according to Oklahoma's climate and agricultural divisions: southwest, west central, central, north central, and northeast (Fig. 1) . All data described and presented in this study are based on harvested locations. Soil series, soil description, and tillage practice in each harvested location are presented in Tables 1 and 2 .
Soil Sampling
At each location, composite soil samples comprised of 15 cores each were taken using a 1-inch-diam. probe at depths of 0 to 6 (surface) and 6 to 12 in (subsurface) prior to nutrient-rich strip establishment. Collection of soil samples were performed within the designated area where the nutrient-rich strips were established. The samples were sent to Oklahoma State University (OSU) Soil, Water, and Forage Analytical Laboratory in Stillwater, OK, for pH, nitrate N (NO 3 -N), Mehlich-3 P, K, and monocalcium phosphate SO 4 -S analyses (Fig. 2) . Other soil parameters and nutrients were analyzed but are not reported in this paper. 
Nutrient Strip Establishment
At every location, four parallel nutrient-rich strips were established (one for every nutrient: N, P, K, and S). Each nutrient strip was 6 ft wide by 100 ft long. Urea (46-0-0), triple super phosphate (0-46-0), potash (0-0-60), and gypsum (23% calcium [Ca] and 19% S) were used as N, P, K, and S sources, respectively. In 2012-2013, urea was replaced with ammonium nitrate (34-0-0), due to drought conditions and volatilization concerns. Fertilization with ammonium nitrate can possibly produce diverse growth responses in wheat, as plants can obtain N slightly faster than if urea is applied. However, long-term research in Lahoma, OK, conducted from 1971 to 2004 showed insignificant differences in wheat grain yields between urea and ammonium nitrate . All fertilizers were applied using a tractor with a customized N, P, K, and S applicator (Fig. 3) after crop emergence to ensure that strips were applied in areas of uniform stand. The typical application rate of a nutrient-rich strip is two or three times the farmer's fertilizer rate (Arnall and Raun, 2017) ; however, due to equipment limitation, 230 lb fertilizer product/acre was used in all nutrient strips across locations. The N-, P-K-, and S-rich strips were applied with 105 lb N/acre, 105 lb P 2 O 5 /acre, 119 lb K 2 O/acre, and 43 lb S/acre, respectively, on top of the farmer-practice strip (FPS). In 2012-2013, the N-rich strip was applied with 78 lb N/acre on top of the FPS.
Farmer-Practice Strip
The FPS is essentially an area adjacent to the nutrient-rich strips that received the standard farmer's nutrient rate. Source, fertilizer rate, and timing of application (preplant or with seed) used in the FPS were determined by the farmer and thus varied across locations.
The farmer managed the entire trial area similarly as the rest of the field for all production practices, including nutrient applications. At maturity, three 3-ft 2 sections were randomly harvested from the length of each strip by hand cutting the wheat plant 1 ft above the soil surface. Samples were dried in an air forced oven at 150°F and threshed, and grain yield was adjusted to 12.5% moisture. 
Statistical Analysis
Statistical analysis was performed using the GLIMMIX procedure of SAS 9.4 (SAS Institute, 2013). Due to farmer manageability and costs, nutrient strips were not replicated. However, use of nonreplicated observations and farm trials are vital for guiding nutrient management decision (Girma and Machado, 2013) . Since treatments were not replicated, locations were treated as replications, with treatment as a fixed effect and year and location (nested within treatment) as random effects. Treatment comparisons were analyzed further by region, and by year employing Dunnett's Test (Dunnett, 1955) at a £ 0.05. To evaluate the potential opportunity for a specific site and tailor individual farmers' field nutrient needs, a by-location analysis was also conducted. It should be noted, however, that any inferences made from this statistical test are limited to the specific system tested, and to use results to extrapolate to a wider population of system is not recommended (Cottenie and De Meester, 2003) .
Weather Conditions
The 2011-2012 wheat production season started slow due to extreme drought in 2011 that depleted soil moisture reserves in most of Oklahoma. Total monthly precipitation in September 2011 was more than an inch lower than the 15-yr normal (Fig. 4) . Few timely rains occurred in late September 2011 that allowed wheat to establish but did not provide much opportunity for growth. The insufficient moisture pattern persisted throughout the winter in western Oklahoma. However, in the central and northern parts of Oklahoma, timely rains occurred throughout October, November, and December, which resulted in rapid wheat growth. In late March and mid-to late April, temperatures were higher than normal, which depleted soil water reserves, but by mid-May temperatures were near normal and moisture returned.
Similar to the previous cropping season, the 2012-2013 season was generally a dry start for wheat planting in Oklahoma (Fig. 4) . A few timely rains in September allowed good germination and a rapid start for the crop, but no substantial rain was received until late January and early 
Grain Yield
Grain yields in the FPS varied across locations with minimum and maximum yields of 20 to 79 bu/acre in 2011-2012 respectively. There were no significant differences in grain yield between the FPS and any of the nutrient strips when data were analyzed across locations and years. Similar results were observed when data were evaluated by climatic and agricultural divisions (results not shown). Even though differences between FPS and nutrient strips were not significant in all climatic and agricultural divisions considered, the difference between the FPS and the nutrient strips ranged from 3 to 5 bu/acre.
Soil Test and Grain Yield by Location
Although it is important to provide broader generalizations of Oklahoma's nutrient management status, it is equally critical to look at the current knowledge and issues on specific farmer fields to provide precise nutrient management recommendation to farmers.
Nitrogen
For most Oklahoma wheat producers, the amount of N needed in their fields is computed on the basis of yield goals, where 2 lb N/acre should be added for every bushel of wheat expected per acre . Thus, the N fertilizer rate for grain wheat is calculated by subtracting the soil test N value from the N requirement for the yield goal selected. However, in this study, yield goals were not recorded. Therefore, yield goals were estimated by the 0-to 6-in soil test NO 3 values and total N applied by the producer using the equation:
Yield goal (bu/acre) = [amount of N applied (lb/ acre) + soil analysis at 0 to 6 inches (lb N/acre)]/2 Fig. 3 . Application of a N-, P-, K-, and S-rich strip with customized applicator containing four dry fertilizer boxes connected to three polyvinyl chloride tubes attached to a 20-ft boom. Fertilizer boxes were fed by two drive wheels as a power take-off controlled fan forced fertilizer through the polyvinyl tubing to a reflection plate where it was evenly dispersed throughout 6-ft strips parallel to one another. 
2011-2012
Surface soil test results ranged from 3 to 56 ppm with an average of 18.4 ppm, whereas subsurface samples ranged from 2 to 51.5 ppm with an average of 15.1 ppm (Fig. 2) . Total N applied on the FPS ranged from 0 to 98 lb/acre (Table 3) . Five (Locations 1, 8, 14, 24, and 30) of the 30 locations harvested positively responded to the N-rich strip (Table 4) . This meant that a significant increase in grain yield was observed in the N-rich strip compared with the FPS. Significant yield increase in the N-rich strips for Locations 1, 24, and 30 was most likely due to the FPS applied with insufficient N to maximize yield. Meanwhile, at Locations 8 and 14, the FPS were applied with enough N (according to the estimated yield goals), yet an average of 18 bu/acre difference in yield goals and actual yields was still observed. These differences could be attributed to ammonia loss during surface application of urea. Meyer et al. (1961) reported that broadcasting urea on the soil surfaces requires at least 0.5 inches of rainfall or irrigation after application to prevent ammonia volatilization. However, during topdress application (typically occurring from January to late March in Oklahoma), only 2 out of 15 or more rain events accumulated >0.5 in. In addition, crop residue and initially moist soil surface can increase the severity of ammonia volatilization (Meyer et al., 1961) . Consequently, at Location 8, it was hypothesized that both the no-till management practice and lack of adequate rainfall at application increased N losses, resulting in FPS yields below yield goal. Meyer et al. (1961) and Ernst and Massey (1960) also reported that increases in pH can increase ammonia volatilization. At Location 14, the near-neutral pH level of 6.8 and perhaps the inadequate precipitation increased N losses, giving rise to significantly higher N-rich strip yield.
2012-2013
Surface NO 3 -N results ranged from 1.5 to 68.5 ppm with an average of 29.3 ppm, whereas subsurface samples ranged from 1.5 to 37.5 ppm with an average of 15.9 ppm (Fig. 2) . Farmer-practice strip total applied N ranged from 0 to 135 lb/ acre (Table 3 ).
The addition of N increased grain yields significantly at two (Locations 38 and 43) of the 29 harvested locations (Table 4) . At Location 38, there was enough N applied according to the estimated yield goal of 90 bu/acre, yet low grain yield in the FPS was observed. The low yield was hypothesized to be due to immobilization or N loss as a result of high soil pH (6.7) and high temperatures (mostly >50°F). Temperatures >50°F and a pH >6.5 significantly increase the rate of urea conversion to ammonia gases (Vitosh and Johnson, 1995) . Also, with a moist spring in 2013, N leaching may have been plausible.
At Location 43, FPS produced an actual grain yield that exceeded the assumed yield goal of 25 bu/acre. However, the FPS grain yield was significantly lower compared with the N-rich strip. This result suggests that the assumed yield goal was underestimated. The farmer practice reduced maximum grain yield by 37 lb/acre when compared with the N-rich strip, indicating that inadequate N input was applied.
Phosphorus
Unlike N, P requirement of a crop is not related to yield goal . The estimated P level is presented as a percentage sufficiency based on soil test value. In Oklahoma, a soil test resulting in 32.5 ppm is considered 100% sufficient . The average soil test P (STP) for all harvested locations was above sufficiency (40.2 ppm); however, 52% of the 59 sites were below the sufficiency level (Fig. 2) . For Oklahoma winter wheat production, a soil pH level of 5.5 to 7.0 is considered optimum. Phosphorus availability is limited outside this range due to fixation by aluminum (Al), iron (Fe), or Ca (NRCS, 2016). Thirty-seven percent of all harvested locations were below the optimum soil pH range, whereas six locations were above (Fig. 2) . Similar STP and soil pH levels were found by Zhang et al. (1998) across Oklahoma in 1996, where ~50% of the sampled locations had P levels below sufficiency and 39% had soil pH levels below 5.5.
2011-2012
Soil test P levels within the top 6 inches of the soil ranged from 9.5 to 91.5 ppm with an average of 38.3 ppm (Fig. 2) . Among the 30 harvested locations, 16 locations had P levels <32.5 ppm, a level considered insufficient for maximum yields. Twelve of the thirty harvested locations received the farmer's P fertilizer rates ranging from 0 to 38 lb P 2 O 5 /acre (Table 3) , applied either as preplant broadcast incorporated or banded in-furrow with seed. Four locations (12, 13, 20, and 24) had significant increase in grain yield compared with the FPS (Table 5) . Locations 12 and 20 had soil pH at 4.9 and 4.5, with STP levels of 20.5 and 19.0 ppm, respectively. In spite of the 20 (Location 12) and 14 lb/acre (Location 20) banded P 2 O 5 , a response to additional P was found at these locations. According to Zhang et al. (2005) , when banding P on acidic soils, applying 30 lb/acre of P 2 O 5 is needed to alleviate Al toxicity.
Location 13 had a near-neutral soil pH of 6.9 but a low STP level of 19 ppm. Phosphorus was applied with seed prior to planting at 15 lb P 2 O 5 /acre for the FPS, but yield was 15 bu/acre less than the P-rich strip. Although P was applied, soil test reported P levels being 89% sufficient, and a recommended 21.7 lb/acre of P 2 O 5 was needed to reach sufficiency.
Location 24 also had a near neutral soil pH of 6.8 with a STP level of 66 ppm. No P was added, due to STP being 100% sufficient; however, the FPS produced a grain yield of only 36 bu/ acre compared with the P-rich strip grain yield of 58 bu/acre. Additional P analysis using Bray and Olsen extractions were conducted; however, results of these analyses (data not shown) gave no indication of why a P response was recorded.
2012-2013
For the FPS, P fertilizer was applied either as preplant or with seed at 20 of the 29 harvested locations at rates ranging from 11 to 38 lb P 2 O 5 /acre (Table 3) . Four locations (32, 54, 55, and 56) responded to additional P, as indicated by the higher grain yields in the P-rich strip than in the FPS (Table 5 ). All responsive locations received the farmer's phosphate fertilizer rate, aside from the additional P.
Location 32 had an alkaline soil pH of 8.0 with a STP level of 12.5 ppm. According to OSU recommendations, STP was 82.5% sufficient and a recommended rate of 34 lb P 2 O 5 /acre should have been added. The FPS received preplant P that was 18 lb/acre less than the recommended rate, producing a grain yield of 25 bu/acre that was significantly lower than the P-rich strip of 32 bu/acre.
At Locations 54, 55, and 56, soil pH and STP were outside the optimum levels for wheat production. These locations had Table 3 . Producer's fertilizer application rates for the 59 harvested locations in 2011-2012 and 2012-2013. 2011-2012 2012-2013 Location Total applied Location Total applied soil pH ranging from 4.4 to 4.9 and STP levels of 17 to 26 ppm. The three fields received P at planting by in-furrow banding at a rate of 22 lb P 2 O 5 /acre, but rate was inadequate according to OSU recommendations when banding P on acidic soils (Zhang et al., 2005) . As seen in the preceding year, when banding P on acidic soils with STP levels below sufficiency, OSU recommends a P application of 30 lb/acre. The addition of insufficient P fertilizer rates on fields with both acidic soil conditions and low STP soil resulted in lower grain yield in the FPS than in the P-rich strip.
Although P is immobile in the soil, the use of highly soluble fertilizer product (triple superphosphate) and timely rains may have facilitated the diffusion of P to the relatively shallow root zone of the crop resulting in a response to additional P (Lundstrom and Stegman, 1988; Beegle and Durst 2002; Fink et al., 2016) .
Potassium
Like P, K recommendations are based on estimates of available K according to soil test results. In Oklahoma, a Mehlich-3 K level of 125 ppm is considered to be 100% sufficient for wheat ). In 1985 and 1996 , Zhang et al. (1998 reported that >80% of the 3075 sampled locations in Oklahoma had K levels >125 ppm, which is comparable with the 88% observed in the harvested locations in this study.
2011-2012
Location 13 was the only field in 2011-2012 that had fertilizer K applied at 5 lb K 2 O/acre. Soil test K (STK) averaged 215.3 ppm over 30 harvested locations, ranging from 119 to 422 ppm on the top 6 inches of the soil (Table 3) . Although grain yields were not expected to increase with the application of additional K, yields for K-rich strips at Locations 3, 4, 10, 24, and 25 were significantly higher than in the FPS (Table 6) . Girma et al. (2007) noted that K increases drought tolerance in stressful years from the long-term Magruder plots. Applications of K during drought-like conditions have been reported to improve water use efficiency and increase leaf area, root growth, vegetative growth, and growth rate (Andersen et al., 1992a (Andersen et al., , 1992b . Soil test chlorine (data not shown) was also taken into consideration, and levels were sufficient in all locations. At Location 12, STK level was below sufficiency at 119 ppm, and no additional K fertility was added by the producer at this location. The FPS yield of 55 bu/acre was significantly lower than the yield of the K-rich strip at 65 bu/acre.
2012-2013
Potassium fertilizer was applied at rates of 1.5, 12, and 12 lb K 2 O/acre at Locations 39, 58, and 59, respectively (Table 3) . Soil test K levels from 2012-2013 harvested locations averaged 216.2 ppm, ranging from 68.5 to 436 ppm (Fig. 2) . Out of the 29 locations harvested, two locations (33 and 43) responded to fertilizer K (Table 6 ). In these two locations, STK levels were adequate according to OSU's recommendations. With drought conditions in 2012, addition of K in the K-rich strip may have enhanced vegetative growth of wheat, similar to results found by Andersen et al. (1992a Andersen et al. ( , 1992b in barley (Hordeum vulgare L).
Sulfur

2011-2012
Surface SO 4 -S levels fluctuated from 4.4 to 31 ppm with an average of 13 ppm across 2011-2012 harvested locations (Fig. 2) . Average subsurface SO 4 -S was 11.6 ppm, as S levels were widely variable across locations, varying from 5.1 to 47.5 ppm. Like N, S recommendations are based on yield goal and soil test results. Sulfur requirement is 5% of the N requirement minus surface and subsurface soil test values (Lofton and Zhang, 2016) . Only one of the 30 FPS locations was applied with SO 4 at a rate of 4 lb/acre. Grain yield of S-rich strip were similar to the FPS at all locations.
2012-2103
Surface soil tests reported SO 4 -S levels from 3 to 33 ppm with an average of 13.2 ppm in the 2012-2013 harvested locations (Fig. 2) . Subsurface SO 4 -S varied from 2.5 to 52.5 ppm, averaging 14.2 ppm. Split applications, at planting with seed and topdress, of S fertilizer was performed at locations 58 and 59 with applications rates of 17 and 18 lb S/acre, respectively. Similar to the previous cropping season, wheat yield was not influenced with the addition of S.
In both years, grain yield of S-rich strips were similar to those in the FPS (data not shown). Average total soil SO 4 -S documented in soil tests for both years were well above the sufficiency level for wheat, providing enough S for the entire season.
Conclusions
Results showed that 12 (7), 15 (9), 13.5 (8), and 0% of the 59 locations responded to addition of N, P, K, and S, respectively. These results suggest that producers in Oklahoma are generally managing N, P, K, and S inputs properly in a way that maximizes yield. However, there was an opportunity at 32% of the locations to increase grain yield with increased nutrient inputs.
Wheat response to additional N was potentially due to underestimated yield potential or N losses attributable to ammonia losses, immobilization, leaching, or environmental conditions. The response of wheat to additional P was likely a result of underapplication of P fertilizer, especially on low-pH soils. Winter wheat grain yield response to K fertilization in high soil test K environment was potentially due to enhanced vegetative growth of wheat during drought conditions.
Soil test SO 4 -S levels were adequate to produce grain yields above estimated yield goals. Thus, no yield response was found to additional S. However, producers should be conscious of soil SO 4 -S levels due to intensive farming practices and increasing yield levels. Subsoil sampling should also be taken into consideration when sampling soil given that, unlike NO 3 , which showed decreasing levels in subsoil samples, the SO 4 -S was equally distributed through both topsoil and subsoil when comparing averages across all locations.
No attempt was made in this study to determine if fertilizer was being overapplied. Nonresponsive locations have the potential to maintain maximum grain yields with a decrease in fertilizer inputs, providing an opportunity for future research and extension efforts. Table 6 . Soil test results, application rates, and grain yield of responsive locations to addition of potassium (K) in 2011-2012 and 2012-2013 . 
